Freezing of biomaterials is important in a wide variety of biomedical applications, including cryopreservation and cryosurgeries. For the success of these applications to various biomaterials, biophysical mechanisms, which determine freezing-induced changes in cells and tissues, need to be well understood. Specifically, the significance of the intracellular mechanics during freezing is not well understood. Thus, we hypothesize that cells interact during freezing with the surroundings such as suspension media and the extracellular matrix (ECM) via two distinct but related mechanisms-water transport and cytoskeletal mechanics. The underlying rationale is that the cytoplasm of the cells has poroelastic nature, which can regulate both cellular water transport and cytoskeletal mechanics. A poroelasticity-based cell dehydration model is developed and confirmed to provide insight into the effects of the hydraulic conductivity and stiffness of the cytoplasm on the dehydration of cells in suspension during freezing. We further investigated the effect of the cytoskeletal structures on the cryoresponse of cells embedded in the ECM by measuring the spatio-temporal intracellular deformation with dermal equivalent as a model tissue. The freezing-induced change in cell, nucleus and cytoplasm volume was quantified, and the possible mechanism of the volumetric change was proposed. The results are discussed considering the hierarchical poroelasticity of biological tissues.
Introduction
Freezing of biomaterials is important in biomedical applications and regenerative medicine for preservation of native/engineered tissue (ET) [1] and biospecimens [2] , collectively known as cryopreservation. The freezing process is also used to destroy diseased tissues during cryosurgery [3] and to decellularize tissues to create acellular scaffolds [4, 5] . In these diverse applications, the outcome is often determined by biophysical events on cells and tissues during the freezing process. However, owing to limited understanding of freezinginduced biophysical events on the cells as well as the extracellular matrix (ECM), these cryo-applications are often developed cell-and tissue-specifically via labour-intensive empirical optimization. Detailed understanding of the freezing-induced biophysical changes will be useful to design and develop successful freeze/thaw (F/T) strategies.
Traditionally, the freezing-induced outcome has been measured by the postthaw cell viability. The extent of cell viability can be explained by the two-factor hypothesis [6] . This theory suggests that during freezing the associated biophysical phenomena are (i) intracellular ice formation (IIF), which is the ice crystallization of intracellular water during rapid freezing and (ii) extracellular ice formation (EIF) and subsequent osmotic pressure gradient-driven cellular dehydration during slow freezing. Although this theory can explain the freezing-induced outcome for cells in suspension, it is limited in its ability to explain more complex cell and tissue systems. For example, it has been & 2016 The Author(s) Published by the Royal Society. All rights reserved.
suggested that post-thaw cell viability significantly changes when the cells are attached to each other in a monolayer compared to cells in suspension [7] . Also, several studies indicated that for cells embedded in the ECM, cytoskeletal damage was observed in addition to cell death [8, 9] . Modulation of cytoskeletal structure by selective chemical disruption of cytoskeletal components and its effect in freezing of cells in suspension has been reported previously [10 -14] . The ECM microstructure is also significantly altered during freezing in the presence of cells or by modulating the cytoskeletal structure [15, 16] . These studies imply the possible role of mechanical interactions between the cells and the ECM in cryoinjury mechanisms in addition to traditionally considered osmotic water transport and IIF-based cryoinjury mechanisms [6] .
The objective of this study is, therefore, to investigate the role of both the structural and transport properties of the cytoplasm, i.e. the cytoplasmic poroelasticity, in the cryoresponse of cells in suspension as well as ET constructs. It is hypothesized that cytoskeletal stiffness and hydraulic conductivity are the two critical factors that govern cell dehydration and subsequent intracellular mechanics during freezing. A poroelasticity-based cell dehydration model was developed and confirmed to provide insight into the effects of cytoplasmic properties on the dehydration of cells in suspension during freezing. Then, we investigated the effect of the cytoskeletal structures on the cryoresponse of cells embedded in the ECM. For these experiments, dermal equivalents were prepared with fibroblasts and type I collagen so that the cytoskeletal structure of fibroblasts was modulated by embedding the cells on, between and in collagen matrices, as described previously [16, 17] . These three different configurations were shown to generate different levels of stress fibre formation and cell morphologies [17, 18] . The spatio-temporal deformation of the cells in the matrix was analysed, while the dermal equivalents were directionally frozen using a recently developed particle tracking deformetry [19] . These experiments of cells in ET constructs illustrate that the cells embedded in the ECM are subject to freezing-induced mechanical deformation transmitted from the ECM, in addition to the cellular deformation by the dehydration process. The results are discussed from a poroelastic perspective to understand the structural changes at the cellular scale during freezing. These new findings advance the water transport model for cells in suspension and are also important to understand the cryoresponse of tissues that can help in the rational design of tissue/cell-independent cryo-technology protocols.
Mathematical modelling of cell deformation in suspension
Spatio-temporal deformation of cells in suspension was modelled using a poroelastic formulation. Figure 1a shows a schematic of a cell comprising a porous and elastic cytoskeleton perfused with water. A dilatation formulation for the cytoplasm is obtained. For simplicity of the modelling, a spherical symmetric geometry was assumed for which variation of deformation was only significant in the radial direction. The details of the modelling can be found in the electronic supplementary material. The material properties of the cytoplasm are assumed to be isotropic and the effect of the nucleus is neglected. After accounting for the spatial variations of hydraulic conductivity, the following consolidation equation is obtained where dilatation e is a function of radial direction r and time t. K is the hydraulic conductivity of the cytoplasm; For the boundary condition at the cell membrane (r ¼ R(t)), osmotically driven water efflux J w is considered; see figure 1b.
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The variations in hydraulic conductivity due to deformation of cytoplasm are related to dilatation based on the previous work [20] :
where K o and f o are the initial (undeformed) hydraulic conductivity and porosity, respectively. Consideration of mass conservation over the cell leads to
ð2:4Þ
The first term on the right-hand side of the above equation represents the osmotic pressure-driven water transport based on [21] , which has been widely adopted in the cryobiology literature. The last term represents the water flux due to the hydrostatic pressure difference across the membrane that accounts for pressure variations within the cell arising from intracellular resistance to flow. The moving boundary condition is also derived from the mass conservation of cellular water during dehydration:
This equation establishes the relation between the overall cell deformation and membrane water flux. The problem was solved by an in-house finite difference code. The definitions and values of parameters used in the computational study are summarized in the electronic supplementary material, tables S1 and S2 along with additional details of the poroelastic model.
Experimental methods

Cell culture
Human dermal fibroblasts were maintained in culture medium (DMEM/F12, Invitrogen, Grand Island, NY, USA) supplemented with 10% fetal bovine serum, 2 mM L-glutamine and 100 mg ml 21 penicillin/streptomycin. The fibroblasts were cultured up to the 15th passage in 75 cm 2 rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160480
T-flasks at 378C and 5% CO 2 . By using 0.05% trypsin with 0.53 mM EDTA, the cells were consistently harvested at 80% confluence.
Cryomicroscopy analysis of cellular water transport
For estimation of membrane permeability parameters of fibroblasts, the cell suspension was placed in a quartz crucible attached on a temperature-controlled stage (Linkam, MDS 600) while being imaged in bright field by a microscope (Olympus BX 51, Melville, NY, USA) equipped with a camera (Retiga 2000R). The temperature was decreased at a controlled rate down to 2408C at cooling rates of 5, 10 or 308C min 21 . In order to facilitate ice formation within the whole temperature range of interest, the sample was initially cooled to 228C, and ice was seeded by touching the sample in the inlet port of the channel by a liquid nitrogencooled needle. Afterwards, the temperature was raised by 0.9-1.28C and kept constant at just below the phase change temperature for 3-5 min to obtain small, round ice crystals in equilibrium with the extracellular medium. In the next step, the temperature was decreased at a controlled rate down to 2308C. Cell volume change and membrane permeability parameters were calculated from the cryomicroscopy results as explained in the electronic supplementary material.
Preparation of engineered tissue
Engineered tissues were prepared from type 1 collagen gel with fluorescent particle-labelled fibroblasts after modifying the method described previously [9, 19, 22] . Three groups of ET with different cell-seeding configurations were made to result in three different cytoskeletal structures as schematically described in figure 2a . The three groups are medium stiff-low porous (stressed cells within stretched three-dimensional matrix), soft-high porous (loosely connected cells within three-dimensional floating matrix) and stiff-low porous (cells adhered on the collagen matrix). ETs were prepared in custom-made containers, as described previously [19] . Medium stiff-low porous and soft-high porous structures were prepared in containers by polymerizing collagen (approx. 3 mg ml 21 collagen concentration) homogeneously mixed with cells (approx. 2 Â 10 5 cells ml
21
) [22] . For making the medium stiff-low porous group, the glass base of the container was plasma treated so that the ETs were attached to the surface. However, for the soft-high porous group, the glass base of the container was not plasma treated such that the ETs can contract. The stiff-low porous cell structures were created by polymerizing collagen in the container and seeding the cells on top of the polymerized collagen matrix at a concentration to match the area-based cell density with the three-dimensional groups (soft-high porous, medium stiff-low porous) using the approximate number of cells in the field of view. The ETs were cultured in supplemented DMEM/F12 for approximately 24 h. Figure 2b shows the fluorescence micrographs of the cell cytoskeletons with the different seeding configurations after 24 h. The stiff-low porous cells have a relatively flat structure with prominent stress fibre bundle formation, the medium stiff-low porous cells have a spindle-like structure with stress fibres, and the soft-high porous cells have a rounded morphology with dendritic extensions. For the stiff-low porous and medium stiff-low porous groups, gel compaction was not noted. However, in the softhigh porous group, gel compaction was noted. The initial gel diameter in the container was 9 mm, and after compaction the diameter was 6.8 + 0.2 mm, representing a linear dimensional compaction of around 24%, comparable to the linear dimensional compaction of 18% reported previously [22] .
Characterization of cell actin content
To quantify the relative actin content as a measure of cellular stiffness of the cells in different ET groups, F-actin was stained by the standard immunofluorescence technique, as described previously [9] . Confocal images of the samples were captured using an OptiGrid structured-illumination microscope system (Qioptiq, Fairport, NY, USA). The z projections of the confocal image stack were used to measure relative actin content. The z projected images were thresholded to compute the cell area. The fluorescence intensity of the pixels in the same thresholded area was measured. In a given field of view, the average fluorescence intensity per unit cell area was measured as the ratio of total fluorescence intensity and total cell area. The same procedure was performed on multiple fields of view on multiple samples (n ¼ 5) for each ET group. Quantification of actin and other protein content in cells by their relative fluorescence intensity has been reported earlier [23 -25] .
Characterization of cytoplasmic diffusivity
To quantify the diffusivity of the cell cytoplasm as a measure of cytoplasmic hydraulic conductivity, the fibroblasts were labelled with 20 nm diameter quantum dots (Qtracker 655, Invitrogen, Carlsbad, CA, USA) according to the protocol suggested by the manufacturer. After 24 h from when the cells were well attached inside/on the collagen gel, the ET was placed in the incubation stage and cells were imaged at 10 s intervals for 2 h using an Olympus IX71 microscope (Olympus, PA, USA) and Retiga Q-Imaging camera (Retiga, Surrey, Canada) at 40Â magnification. After an image drift correction, the movement of QDs inside the cells was tracked using the 'Track object' feature of the Metamorph software (Metamorph, CA, USA) from the time-lapse images already obtained. From the spatio-temporal tracking data, meansquared displacement and diffusivity of particles in cytoplasm were further computed [26] .
Intracellular deformation measurement
To study the freezing-induced intracellular deformation in cells in/on collagen matrix, the ETs were directionally frozen on a cryostage (Linkam MDS 600, UK) as described earlier. The intracellular deformation was measured according to the method described previously [19] . Briefly, the cells were imaged during directional freezing using a fluorescence microscope (Olympus BX51) and a high-speed camera (Hispec I, Fastec Imaging, Indianapolis, IN, USA). Using multiple triangular elements in each cell, the Green Fluorescene micrographs of cytoskeletal structures of fibroblasts after they were immunostained according to a protocol described previously [9] . Stiff-low porous and medium stiff-low porous cells show stress fibre formation, but soft-high porous cells lack stress fibres and are round shaped with dendritic extensions (scale bar: 20 mm).
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Lagrangian normal strains E xx , E yy and shear strain in the xy plane, E xy were computed. They are defined as follows (u and v are displacements in the x-and y-directions).
To characterize the change in volume of intracellular components, the areas of the cell, nucleus and cytoplasm were computed before and after freezing. Cells were assumed to be isotropic and the projected area of the intracellular component was used accordingly for relative estimation of volume [27] . The cell area was manually computed in IMAGEJ by thresholding the fluorescence image. The nucleus area was computed from the area of the hollow region inside the cell, which is void of fluorescent beads. Subsequently, the cytoplasm area was given by the difference between the cell area and nucleus area. The procedure is explained in the electronic supplementary material, figure S1.
Statistical analysis
Each experimental group was repeated at least three times (n ! 3). For the actin fluorescence intensity measurement quantification, diffusivity measurement and intracellular area change analysis, results are reported as mean + s.d. of the mean and the Student t-test was performed. The differences between deformation of cytoskeletal structure groups were analysed using Kruskal -Wallis one-way analysis of variance (ANOVA) and pairwise comparisons were performed using the Wilcoxon -Mann -Whitney test. For all cases, p , 0.01 was considered statistically significant.
Results
Model predictions of spatially heterogeneous deformation in the cell
The model predictions for the spatio-temporal variation of dilatation are presented in figure 3 . As hydraulic conductivity, K, is one of the key parameters in quantifying the resistance to flow in a porous medium, the main focus was on the effect of K on intracellular deformation. Typical values for K are reported to be between 7. . At high K with decreasing temperature, the cell dehydrates and cell volume decreases (figure 3a). In that case, the simulated dehydration behaviour is similar to that predicted by traditional models based on membrane transport. On the other hand, below a certain threshold of K, 4 Â 10 216 m 2 Pa 21 s 21 for the conditions studied, the dehydration stops with temperature decrease and cell volume ceases to decrease further. This hydraulic locking phenomenon, which is thought to be caused by non-uniform deformation of cytoplasm, cannot be captured by traditional models. The simulation results support the experimental data for cells in suspension (figure 3b; electronic supplementary material, movie S1). Most cells show steady decrease in cell volume while some show cessation of the cell volume decrease. In some cases, reswelling can be observed. It can be seen that for the case where the undeformed hydraulic conductivity is the highest (1 Â 10
213
), the distribution of the intracellular water and therefore the deformation across the cell is uniform ( figure 3c,d ). The central region and membrane region of the cell undergo equal deformation. In this case, the flow resistance of the cytoskeletal matrix can be considered negligible. However, as the hydraulic conductivity is decreased by a factor of 10 and 100, the deformation of the cytoplasm becomes increasingly non-uniform where the highest deformation occurs in the vicinity of the cell membrane and the centre of the cell remains relatively undeformed. By comparing the initial porosity with the magnitude of dilatation, it can be seen that for K o ¼ 1 Â 10 215 m 2 Pa 21 s 21 about 65% of the cytosol is drained from the matrix near the cell membrane. The centre of the cell on the other hand has lost less than 10% of its cytosol. In essence, the deformation of cytoplasm shows a varying degree of spatial heterogeneity for different hydraulic conductivities. When normalized volume is computed at constant hydraulic conductivity and for different values of cell elastic modulus, it is found that dehydration rate and cell end volume are affected by the cell stiffness; however, the effect is small (electronic supplementary material, figure S3 ). This is explained by the variation in hydrostatic pressure difference across the membrane; the effect of the stiffness is small compared with the osmotic pressure difference that is the main force that drives the dehydration. Figure 4a shows that relative actin content in stiff-low porous cells is almost 100% higher than soft-high porous cells, and in medium stiff-low porous cells it is almost 50% higher than soft-high porous cells. F-actin is the primary constituent of cell stiffness [29] . Previous studies showed that with increasing actin content, cell stiffness exponentially increases. Thus, the stiffness increases more rapidly in the higher actin content regime. Therefore, from the relative actin content data, it can be predicted that stiff-low porous cells have significantly higher stiffness than medium stiff-low porous cells, followed by soft-high porous cells.
Characterization of cell poroelasticity
The diffusivity of 20 nm particles in cells show that (figure 4b) medium stiff-low porous and stiff-low porous cells have similar diffusivity, not showing any statistically significant difference. However, the soft-high porous cells have a two orders of magnitude higher value of diffusivity than medium stiff-low porous and stiff-low porous cells. The diffusivity can be correlated to hydraulic conductivity and porosity of a poroelastic structure by linear relationships [30 -32] . Therefore, it can be predicted that soft-high porous cells have significantly higher hydraulic conductivity than medium stiff-low porous and stiff-low porous cells. The latter two have comparable hydraulic conductivity.
Thus, from the diffusivity and relative actin content, the naming of the groups is justified to emphasize their poroelastic functionality in cells as follows. Soft-high porous: high hydraulic conductivity, low stiffness; medium stiff-low porous: low hydraulic conductivity, medium stiffness and stiff-low porous: low hydraulic conductivity, high stiffness.
Spatio-temporal deformation pattern in cells
Deformation patterns in medium stiff-low porous cells during freezing are presented in figure 5 . A representative cell with internalized beads is presented in figure 5a . From the fluorescence micrographs, it can be noted that the microbeads are mostly located near the cell body and not in the fibre extensions, probably because the beads are too large to enter the thin cytoplasmic extensions. Cells deform while the freeze front passes by as evident in figure 5b,c. Beads were observed to suddenly disperse creating multiple void-like structures as marked in (ii). A detailed time-lapse image sequence of a representative medium stiff-low porous cell during freezing is presented in figure 5d (also see the electronic supplementary material, movie S2). In this cell, the freeze front approaches from the left side and passes over the cell, resulting in deformation of the cell. While the freeze front passes the cell, the location marked by (II) is seen to rupture with a void-like structure formed in the cytoplasm. Surface plots of strains E xx , E yy and E xy , presented in figure 5f, reveal the spatio-temporal nature of the intracellular deformation. In some parts of the cell, 200% tensile strain is observed, compared with 50% compressive strain in other parts of the cell at the same time instant, which implies that local deformation in some parts of the cell is significantly different than in other parts located only a few micrometres apart. The temporal evolution of strain for the elements marked by arrows in figure 5d and in the triangulated cell figure 5e is presented in figure 5g . The elements rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160480 in (I) and (II) are spatially adjacent, only 4 mm apart, but undergo significantly different deformation histories by magnitude, though temporally they are qualitatively similar. For element (I), a rapid increase in E xx strain is observed from about 2 to 2.6 s compared with the adjacent element (II), resulting in a void-like structure formation. Figure 6 demonstrates the deformation pattern in softhigh porous cells. Figure 6a shows a representative softhigh porous cell with internalized beads. For this cell, too, the beads were not found in the dendritic extensions for the same reason explained earlier. The freezing condition is the same as in the medium stiff-low porous case described in figure 5 . However, the soft-high porous cell deformed in a different manner than the medium stiff-low porous cell, as characterized by lower deformation and lack of void-like structure creation. Two cells during freezing shown in figure 6b,c indicate that no significant cell deformation occurs during freezing. A detailed time-lapse image sequence of a representative soft-high porous cell during freezing is presented in figure 6d (also see the electronic supplementary material, movie S3) and spatial surface plots of strains are presented in figure 6f . The global maximum value of E yy is only 150%, as presented in the surface plots. The temporal deformation pattern of two elements (I) and (II) marked in figure 6d,e are plotted in figure 6g. The strain maps in figure 6f show that strain is spatially more homogeneous in the cell compared with medium stiff-low porous cells.
Similar spatial deformation gradient data in cells were noted for the stiff-low porous cells (not shown) as for the medium stiff dense cells. For stiff-low porous cells, too, detachment from the ECM was noted, characterized by 'retraction'-type movement in some parts of the cell, similar to the rupture and structural void creation described for the medium stiff-low porous cells.
Effect of cytoskeletal mechanics on intracellular deformation
The differences between the deformations undergone by the three different cell groups are presented in figure 7 . For the same freezing condition, from the distribution of highest deformation in elements and from the statistical analysis, it was observed that the medium stiff-low porous cells undergo the highest deformation followed by stiff-low porous and finally by soft-high porous cells. This shows that cells with different poroelastic properties result in significantly different intracellular deformation patterns as reported in previous studies [31, 32] . The change in area for cells and intracellular regions, namely the nucleus and cytoplasm, is presented in figure 8 (also see the electronic supplementary material, movie S4). For medium stiff-low porous cells, cell area decreases by 5%, the cytoplasm area decreases to a larger extent (15%), but the nucleus area increases by 30% after freezing, as shown in figure 8a,e. From figure 8b,e, it can be noted that in soft-high porous cells none of the area changes are significant (all changes less than 5%). For stiff-low porous cells, the area change of cells is prominent, as in medium stiff-low porous cells. However, based on the inclination of the cells with respect to the freeze front, the nucleus and the cytoplasm areas change in different manners. For inclined cells ( figure 8c,e) , where the freeze front sequentially passes the cell, the cell area decreases by 5%, the cytoplasm area decreases (10%), but the nucleus area increases by 5%. The changes in cytoplasm and nucleus areas are significantly different. However, for aligned cells ( figure 8d,e) , where the freeze front impinges the entire cell at around the same time, the cell area, the cytoplasm area and the nucleus area decrease altogether. All the area decreases are 20% or higher. Also, the insignificant difference between the cytoplasm and nucleus results demonstrates that their areas decrease to a similar extent.
Discussion
The modelling results suggest that cells behave as a poroelastic material during freezing-induced dehydration. Our study of cells in suspension considering this poroelasticity can predict not only the mean dehydration responses, which have been explained by the conventional water transport model [6] , but can also provide new physical insights of other cell dehydration modalities, i.e. hydraulic locking and reswelling, which cannot be explained by the conventional model. At high hydraulic conductivity, representative of the soft-high porous regime, the deformation in the cell is homogeneous, caused by the ease of water redistribution in the cytoplasm. At lower hydraulic conductivities, the deformation near the cell membrane is likely to become more pronounced. figure 1 . The hydraulic locking is most likely prominent in the stifflow porous regime, and the reswelling can be observed at the medium stiff-low porous regime. When cellular dehydration trends for different values of K are compared, it is assumed that once hydraulic locking occurs in a cell, it prevails through freezing. This is a reasonable assumption because the osmotic pressure gradient across the cell membrane rises and acts in favour of hydraulic locking with decreasing temperature. In that case, it is observed that, over a small range of hydraulic conductivities, i.e. (1-6 Â 10 216 m 2 Pa 21 s
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) just below the physiological range, membrane water transport stops abruptly at different levels of dehydration, indicating that hydraulic locking is a possible mechanism that affects cellular water transport during freezing. The modelling results support the inhomogeneous spatial deformation in cells as (e) The triangulated cell used to compute spatio-temporal deformation. (f ) The surface plot of strain tensor components presenting the spatial deformation pattern in the cell for the same time frames as in (d ). In (g), the temporal evolution of the strain tensor components shown for the two elements (I) and (II) marked by arrows in (d ). Dotted vertical line indicates the instance when the freeze front is passing through those elements (scale bar, 20 mm).
found from experiments. Though the model is set up for cells in suspension, a relatively simple configuration, and the experiments are performed for cells in/on the collagen matrix, the physical feature of deformation inhomogeneity is reproduced. Cells anchored to the ECM have increased polymerized actin fibres, which result in decreased cytoskeletal porosity and hydraulic conductivity, compared with cells in suspension. Therefore, it is expected that hydraulic locking will become significant and overall water transport will be reduced in cells within the ECM. This effect is compounded by additional stress on membrane and cytoskeletal components by the mechanical stress on membrane and cytoskeletal components through cell-matrix adhesions, which will act to restrict movement of the membrane. To further investigate the cellular dehydration phenomena in cells anchored to the ECM, sophisticated modelling accounting for the cell-matrix adhesion complex (CMAC) will be required [15] . Modulation of cytoskeletal structure by selective chemical disruption of cytoskeletal components using reagents such as cytochalasin D has been previously considered and has shown an apparent effect of increasing membrane permeability [10] . Also, by inhibiting actin polymerization, cytochalasin D potentially leads to an increase in pore size and a decrease in stiffness. Cytochalasin D is known to decrease cell stiffness, e.g. for fibroblast by 60% when 1 mM concentration is used [33] . While the effects of cytochalasin D on cellular hydraulic conductivity are not well studied, it is anticipated to increase by disrupting the cytoskeleton structure. Thus, potential effects of cytochalasin D on cellular water transport may be caused by both increased hydraulic conductivity and decreased stiffness (figure 3a and electronic supplementary material, figure S3, respectively). As the hydraulic conductivity increases, it leads to increased cellular water transport and reduced probability of hydraulic locking (figure 3a). A decrease in the stiffness is also expected to result in an increase in the amount of cellular water transport but the effect is minor compared with that of hydraulic conductivity (electronic supplementary material, figure S3) . Confirmation of the effects of cytoskeleton disruption on cellular water transport still warrants further detailed study. Our model enabled the study of the limiting case where osmotic water transport in the cell is interrupted by local collapse of intracellular structures, referred to as hydraulic locking. However, K can have an effect on cellular dehydration rates even when hydraulic locking does not occur. One-way K could affect the dehydration rate by limiting the intracellular distribution of osmotic pressure. Decreasing K is expected to cause dehydration to be increasingly localized in the regions near the membrane. In the absence of rapid transport of solutes from those regions, the local solute concentration will increase and the osmotic pressure difference across the membrane will decrease. As a result, the cellular dehydration rate is expected to decrease with decreasing K. In our study, we limited our efforts to modelling of intracellular fluid transport and intracellular solute transport was not considered. Therefore, local variations of osmotic pressure within the cell were not evaluated. Consideration of coupled fluid-solute transport within poroelastic cytoplasm warrants future studies.
Large spatial and temporal variations of the deformation were observed in cells during freezing. Soft-high porous cells (high hydraulic conductivity) undergo a homogeneous deformation pattern when compared with medium stiff-low porous and stiff-low porous cells (low hydraulic conductivity). At lower hydraulic conductivity, the stiffer the cell the smaller the deformation. Traditionally in cryobiology, cellular cryoresponse has been explained by the competitive role of osmotic pressure-driven water efflux from cells and IIF from a temporal perspective [6] . In those studies, intracellular deformation has been assumed spatially uniform or neglected. This work shows that the spatial nature of freezing-induced intracellular deformation in cells is also significant. Such behaviour can be explained by the poroelastic nature of the cells. The deformation is determined by the equilibrium between the local mechanical stress of the cytoskeleton and the hydrostatic pressure of the cytosol. The non-uniform and large deformation may be related to cell damage as reported previously [9] . With a higher tissue deformation reported in that work, and with the same cell culture configurations where we measure the intracellular deformation, the cytoskeletal structure damage can be related to the extent of cellular deformation. For example, from this study, we find that medium stiff-low porous cells undergo higher deformation than soft-high porous cells. From [9] , we can find that the medium stiff-low porous cells undergo higher cell death and cytoskeletal structure destruction as well when compared with soft-high porous cells. Although this correlation is qualitative, it shows a trend of mechanical deformation induced cell death and structural destruction. Further mechanochemical studies at the single-cell level are warranted to understand this.
The present work also suggests the existence of a hierarchical poroelastic framework in the tissue comprising the ECM, cytoplasm and the nucleus. It was previously reported that the cytoskeleton and CMAC are parts of a hierarchical mechanical framework illustrated by the tensegrity of the cellular elements [34] . The results from the present study suggest that the deformation via the cell-ECM hierarchy is much more significant in tissue freezing than the cellular deformation by dehydration at the cell density studied here. For tissue freezing, the structural and mechanical role of the cytoskeleton and the ECM becomes more prominent over the osmotic water transport. Therefore, the structural roles of cytoplasm we show here is complementary to the conventional water transport model. For similar freezing conditions, the intracellular deformation is significantly higher than the ECM deformation [8, 19] . The discontinuity between cell and matrix deformation may lead to rupture of the cell from the matrix as observed in the stiff-low porous and medium stiff-low porous cases. The formation of voids in medium stiff-low porous cells may be caused by structural breakdown at the cytoskeleton due to rupture at the CMAC, as both are parts of an integrated structural hierarchy. Also, in soft-high porous cells, the CMAC is expected to be less abundant than for the stiff-low porous or medium stiff-low porous cases. This lack of structural integrity may be the reason that soft-high porous cells do not respond to freezing as the other two groups do. However, although in soft-high porous cells the deformation was relatively low, the local high deformation spots were along the cell periphery, near actin-rich cell extensions, again emphasizing the possible role of cell-ECM adhesion in this context. Besides inhomogeneous deformation magnitude at the cell and ECM level, the deformation in the cell is multidirectional in contrast to unidirectional deformation in the ECM as reported in previous studies [22] .
This study indicates that besides the cell -ECM hierarchy, a cytoplasm -nucleus hierarchy also exists. Nucleus and cytoplasm showed significantly different poroelastic behaviour, as indicated by different area changes in these two intracellular regions. The increase in nucleus area for medium stiff-low porous cells may be due to influx of water through the water-permeable nuclear membrane. This is further illustrated in stiff-low porous cells with different orientations. For inclined cells, there was an increase in nucleus area post-freezing. This may result from water redistribution in the cell from the cytoplasm to the nucleus, again showing the importance of cell poroelasticity. For aligned cells, both the nucleus and cytoplasm area decreased, which suggests that water influx through the nuclear membrane was not possible, as the entire cell was impinged by the freeze front almost simultaneously.
Stiffness and hydraulic conductivity were indirectly characterized in this study. This is because of the limitations of present measurement techniques. However, it is a common practice to relate fluorescence intensity to relative actin content, and as actin is the primary determinant of cell stiffness, fluorescence intensity can be an indirect measure of cell stiffness. The same is applicable for hydraulic conductivity. Diffusivity is a direct measurement and hydraulic conductivity was deduced from that.
The results of this study have implications in addressing the challenges of tissue-type-dependent cryo-technology protocols. The poroelastic parameters, namely stiffness and hydraulic conductivity, can be adequate to design the freezing strategy. The present work may lead to better understanding of this process, which is relevant in more general tissue engineering applications beyond tissue cryo-technologies, and in physiological processes where cell -matrix interaction and the poroelastic behaviour of cells play important roles.
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